Heterosentis holospinus Amin, Heckmann & Ha, 2011 (Arhythmacanthidae) was first described from the striped eel catfish, Plotosus lineatus (Plotosidae) in Halong Bay, Vietnam. New morphological information, scanning electron microscope images, molecular analysis, and Energy Dispersive X-ray analysis (EDXA) of hooks of specimens of H. holospinus from a new collection from the common ponyfish, Leiognathus equulus (Leiognathidae), in Quang Binh, Gulf of Tonkin, Vietnam are reported here for the first time. Additional details of the anterior trunk cone, proboscis hooks, wholly spined trunk, duck-bill-like spines with micropores, and micropore distribution, are described. The unique metal composition of hooks (EDXA) demonstrated a considerably higher level of calcium and phosphorus but lower level of sulfur at the hook basal arch than at the hook tip and edge. An analysis of our new sequences of cytochrome oxidase 1 (COI) showed that H. holospinus had low genetic variation and two haplotypes.
Introduction
Most of the recent taxonomic work on the Acanthocephala from Vietnam has been reported by the Amin-Heckmann-Ha team since 2000. We have described over 50 acanthocephalan species and higher taxa from freshwater and marine fishes, amphibians, reptiles, birds, and mammals in Vietnam. A complete listing of this taxonomic literature can be found in Amin et al. [7] . Three other species of Rhadinorhynchus and one species of Gorgorhynchus were previously reported from marine fishes in Vietnam [9] .
Eighteen species of acanthocephalans in five families were more recently collected from fishes in the Pacific and amphibians in central Vietnam in 2016 and 2017. Amin et al. [3] discussed the taxonomic status and history of the genus Heterosentis Van Cleave, 1931, with Arhythmacanthus Yamaguti, 1935 as its junior synonym, based on the number of different types of hooks on the proboscis, listed its 15 known species and their distribution, and noted that "the distribution of species of Heterosentis corresponds to that of its host species from the Indo-West Pacific into the Eastern Mediterranean via the Red Sea."
In the present report, we expand the morphological description of Heterosentis holospinus Amin, Heckmann, Ha, 2011 (Arhythmacanthidae) from the common ponyfish, Leiognathus equulus (Forsskål) (Leiognathidae) in Halong Bay, Vietnam. The common pony fish is distributed in brackish and marine waters from East Africa to Fiji, in the Indian and Western Pacific oceans, Red Sea, and the Arabian Gulf [16] . We also provide, for the first time, descriptions of its molecular profile and Energy Dispersive X-ray pattern, as well as its micropores.
Materials and methods
Collections Specimens of H. holospinus were collected from an undetermined number of individuals of the common ponyfish, Leiognathus equulus (Forsskål) (Leiognathidae), which were concurrently infected with other acanthocephalans, off the central Pacific coast of Vietnam at Quang Binh (17°30 0 N 106°20 0 E) in the Gulf of Tonkin near Halong Bay on May 15, 2017, and previously recorded but not described [22] from the same host species in Quang Ninh, also in the Halong Bay area.
Freshly collected specimens were extended in water until proboscides everted then fixed in 70% ethanol for transport to our Arizona, USA laboratory for processing and further studies.
Methods
Worms were punctured with a fine needle and subsequently stained in Mayer's acid carmine, destained in 4% hydrochloric acid in 70% ethanol, dehydrated in ascending concentrations of ethanol (24 h each), and cleared in 100% xylene then in 50% Canada balsam, and 50% xylene (24 h each). Whole worms were then mounted in Canada balsam. Measurements are in micrometers, unless otherwise noted; the range is followed by the mean values between parentheses. Width measurements represent maximum width. Trunk length does not include proboscis, neck, or bursa.
Specimens were deposited in the University of Nebraska's State Museum's Harold W. Manter Laboratory (HWML) collection no. 139404 (voucher specimens on 1 slide), Lincoln, Nebraska, USA.
SEM (scanning electron microscopy)
Two specimens that had been fixed and stored in 70% ethanol were processed for SEM following standard methods [27] . These included critical point drying (CPD) in sample baskets and mounting on SEM sample mounts (stubs) using conductive double-sided carbon tape. Samples were coated with gold and palladium for 3 min using a Polaron #3500 sputter coater (Quorum (Q150 TES) https://www.quorumtech.com), establishing an approximate thickness of 20 nm. Samples were placed and observed in an FEI Helios Dual Beam Nanolab 600 (FEI, Hillsboro, Oregon, USA) Scanning Electron Microscope with digital images obtained in the Nanolab software system (FEI) and then transferred to a USB for future reference. Samples were received under low vacuum conditions using 10 kV, spot size 2, 0.7 Torr using a GSE detector.
Energy dispersive X-ray analysis
Standard methods were used for preparation similar to the SEM procedure. Specimens were examined and positioned with the above SEM instrument, which was equipped with a Phoenix energy-dispersive X-ray analyzer (FEI). X-ray spot analysis and live scan analysis were performed at 16 kV with a spot size of five and results were recorded on charts and stored with digital imaging software attached to a computer. The TEAM (Texture and Elemental Analytical Microscopy) software system (FEI) was used. Data were stored on a USB for future analysis. The data included weight percent and atom percent of the detected elements following correction factors.
Ion sectioning of hooks
A dual-beam SEM with a gallium (Ga) ion source (GIS) is used for the LIMS (Liquid Ion Metal Source) part of the process. The hooks of the acanthocephalans were centered on the SEM stage and cross sectioned using a probe current between 0.2 nA and 2.1 nA, according to the rate at which the area is cut. The time of cutting was based on the nature and sensitivity of the tissue. Following the initial cut, the sample also underwent a milling process to obtain a smooth surface. The cut was then analyzed with X-ray at the tip, middle, and base of hooks for chemical ions with an electron beam (Tungsten) to obtain an X-ray spectrum. Results were stored with the attached imaging software. The intensity of the GIS was variable, according to the nature of the material being cut.
Molecular methods
Genetic comparisons and phylogenetic analyses were based on a fragment of 621 bp of the mitochondrial cytochrome oxidase I (COI) gene. Sequences of four individuals of Heterosentis holospinus from ponyfish Leiognathus equulus from two collections constituted the Vietnam sample. The samples were digested overnight at 55°C and genomic DNA was isolated using a commercial extraction kit (Wizard Ò Genomic DNA Purification Kit, Promega, Madison, WI, USA) and the COI gene was amplified using the primers detailed by Folmer et al. [15] . PCR amplification of COI was carried out in 25 lL. Thermal cycling parameters for rDNA amplifications included a denaturation period of 3 min at 94°C, followed by denaturation of 30 s, annealing of 45 s at 48°C, and extension of 1 min at 72°C, with final incubation at 72°C for 10 min [37] . Amplicons were sequenced using an external sequencing service (Macrogen Inc., Seoul, South Korea). New DNA sequences were edited using Codon-Code (Codon Code Aligner, Dedham, Massachusetts, USA) and deposited in GenBank (MN715352-MN715355). The 4 new sequences were integrated to a matrix with other sequences downloaded from GenBank. Sampling included all available sequences belonging to species of the family Arhythmacanthidae along with sequences of the genera Acanthocephalus (Echinorhynchidae) and Filisoma (Cavisomidae), which are phylogenetically close to Arhythmacanthidae. In addition, sequences of one species of each family of the orders Echinorhynchida and Polymorphida were also included ( Table 1 ). As such, the ingroup [26] , using default parameter values. Observed genetic p-distances (p) between haplotype and sample pairs were calculated in MEGA 7. Phylogenetic relationships were inferred via maximum likelihood analyses using IQ-TREE [33] , as implemented in the online W-IQ-TREE (http://iqtree. cibiv.univie.ac.at; [40] ). The IQ-TREE software was also used to select the model of nucleotide substitution (TPM3 + G4). Support for clades found in the most likely tree was calculated via the SH-aLRT test [21] and with 1000 ultrafast bootstrap pseudo-replications (BL) also with IQ-TREE.
Results
Specimens of H. holospinus are recorded from a new host, L. equulus (family Leiognathidae) which was concurrently infected with other acanthocephalans, in a new locality off Quang Ninh at the Gulf of Tonkin near Halong Bay, where the type specimens were originally collected. Heterosentis holospinus is apparently wide spread in fish from at least two percid families in the Halong Bay area.
New morphological observations of specimens from recent collection (Figs. 1-6)
Ten specimens of H. holospinus were collected from Leiognathus equulus Forsskål (Leiognathidae) in Quang Binh, Gulf of Tonkin on May 15, 2017 [22] . Six of these specimens were processed for microscopical studies. We provide morphological comparisons with the original description by Amin et al. [3] . The six specimens (one male and five gravid females) were similar to those described earlier [3] , but with some disparities. Comparable and new descriptive features were noted in the SEM images, including the proboscis with apical and larger subapical hooks, unspined anterior trunk cone, and post-cone spined trunk (Fig. 1) , one of 3-4 small spine-like hooks in a row (Fig. 2) , a field of trunk spines (Fig. 3) , a single magnified trunk spine exhibiting its unusual duck-billed shape and its innervation with micropores like those in the adjacent body wall ( Figs. 4 and 5) , and the posterior end of a female specimen showing the posterior-most distribution of trunk spines (Fig. 6 ). We also observed the characteristic receptacle shape, the plump longer lemnisci, and trunk shape, and size. The male reproductive structures, especially the shape of the thick sperm ducts, the rounded bursa, and the shape, and position of the testes and cement glands were comparable to those noted in the original description. The female reproductive system especially the complex vagina, the prominent and widening uterus, the uterine bell with many cells, and the eggs were also very similar. The nucleated pouch at the posterior end of the receptacle was, however, not consistently prominent and the trunk spines in the microscope specimens were faint and less readily distinct.
Energy dispersive X-ray analysis (EDXA) Table 2 demonstrate that different parts of the hook vary in the composition and distribution of metals with the basal hook arch having a considerably higher level of calcium and phosphorus but lower level of sulfur than the hook tip and edge.
Figures 7 and 8, and

Molecular results
The phylogenetic tree of the Class Palaeacanthocephala ( Fig. 9 ) is subdivided into eleven orders and three individuals belong to the Class Eoacanthocephala as outgroup. Within the order Arhythmacanthidae Yamaguti, 1935 and among the four sequences of H. holospinus, two distinct haplotypes were found (haplotype I [XX14-XX18]; haplotype II [XX02-XX04]), that showed a low level of genetic variation (0.5%). In the genealogical analysis ( Fig. 9) , these haplotypes form a strongly supported (BL = 100) monophyletic group, which is sister to Acanthocephaloides propinquus (Dujardin, 1845) Meyer, 1932 in a moderately supported clade (BL = 87) corresponding to Arhythmacanthidae. Sequences of H. holospinus and A. propinquus and order Arhythmacanthidae and Eoacanthocephalans sequences differ on average by 28% and 45%, respectively.
Regarding other palaeacanthocephalan families, two are not monophyletic. One of these is Echinorhynchidae as per analyzed species of the family. However 
Discussion Morphology
A number features observed in this collection provided an enhanced description of H. holospinus that was not available in previous material and confirmed its morphological identity from a second host species, L. Equulus, in a second family (Leiognathidae) in a new locality. New details of the anterior trunk cone, proboscis hooks, micropores, wholly spined trunk, duck-bill-like spines with micropores, and micropore distribution, increase our understanding of the anatomy of this species. New information on the unique chemical composition of its hooks added new elements to its description supporting its unique "personality."
Micropores
The electron dense micropores present throughout epidermal surface of the trunk of H. holospinus have not been discussed in the two other descriptions of the species [3, 22] . The micropores of H. holospinus, like those reported from other Figure 7 . Energy dispersive X-ray spectrum of the basal arch of a Gallium cut hook of a Heterosentis holospinus specimen showing high levels of calcium and phosphorus similar to those of the hook base ( Table 2 ). The X-ray data are the elemental analysis of the hook arch (see bolded figures in Table 2 ). Insert: SEM of a longitudinal Gallium cut hook. Figure 8 . Energy Dispersive X-Ray spectrum of a Gallium cut hook tip of a Heterosentis holospinus specimen showing high levels of sulfur similar to those of the hook edge at mid-cut ( Table 2) . The X-ray data are the elemental analysis of the hook tip (see bolded figures in Table 2 ). Insert: SEM of a whole proboscis and cross sections near the hook tip of Gallium cut hooks showing the thick, high-sulfur hook edge. species of the Acanthocephala, are associated with internal crypts and vary in diameter and distribution in different trunk regions corresponding to differential absorption of nutrients. We have reported micropores in a large number of acanthocephalan species [23] and in a few more since, and demonstrated the tunneling from the cuticular surface into the internal crypts by TEM. Amin [4] . All the micropores that have been studied have the same basic plan; presumably because they have the same functions and similar variations, due to differential absorption occurring across the species that have been studied.
Energy dispersive X-ray analysis (EDXA)
Results of the X-ray scans of the gallium cut hooks (dual beam SEM) of H. holospinus show differential composition and distribution of metals in different hook parts, with the calcium and phosphorus being considerably higher at the basal arch of hooks where tension and strength are paramount compared to the hook tip and edge where the level of sulfur was considerably higher ( Table 2 , Figs. 7 and 8) . The chemical elements present in the hooks are typical for acanthocephalans [1, 5, 6, 22] . Note the thin outer layer (Fig. 2) of the hook which relates to the sulfur (S) content (Table 2) in the hook of H. holospinus, which is less than in other acanthocephalans [1, 6] . The high sulfur content shows up in the outer edge of X-ray scans of hooks ( Table 2 , Amin et al. [6] ). The hook center in mid cuts has a completely different chemical profile than the cortical layer ( Table 2 ). X-ray scans (EDXA) provide insight into the hardened components, e.g., calcium and phosphorus, of acanthocephalan hooks. The EDXA appears to be species-specific, as in finger prints, and is shown to have Figure 9 . Genealogical relationships of haplotypes of the cox1 gene of specimens of Heterosentis holospinus and specimens of Class Palaeacanthocephala recovered in a maximum likelihood analysis (L n = À11,079.294). Support values, only given for species and multispecies clades, correspond to SH-aLRT test and ultrabootstrap proportions. The number below the internal nodes shows ML bootstrap support values. The clades with different colors, Echinorhynchidae (red), Cavisomidae (green), and Rhadinorhynchidae (blue) indicate a paraphyletic arrangement. GenBank accession numbers are also given at the terminal labels and bolded names were generated in this study. significant diagnostic value in acanthocephalan systematics, e.g. Moniliformis cryptosaudi Amin, Heckmann, Sharifdini, & Albayati, 2019 was erected based primarily on its EDXA pattern [8] .
Molecular discussion
The molecular analysis showed that H. holospinus, parasite of L. equulus from Vietnam, exhibits a low level of genetic variation; recovered haplotypes differ on average by 0.5%. At the same time, H. holospinus is highly divergent (28%) from A. propinquus, the other member of Arhythmacanthidae included in the analysis, and this species, in the present analysis, appears as its sister species. The limited size of the analyzed sample (four specimens) may provide a biased picture on the genetic diversity of the species. Nevertheless, this may not be the only cause of the low level of genetic diversity observed. Similar results were found for the genus Profilicollis Meyer, 1931 [30, 38] . The results of the present study should be seen as the starting point for clarifying the level and patterns of genetic variation in H. holospinus.
Various studies have suggested that the classification of acanthocephalans based only on morphological characters is unstable due to the existence of a conservative and simple morphology [12, 19, 34, 36] . Our findings, in accordance with those of previous studies [17, 36, 41] substantiate that the classification of Palaeacanthocephala needs adjustments. We found that two families, Echinorhynchidae and Rhadinorhynchidae, are not monophyletic. This finding is somewhat not surprising as acanthocephalan classification is mostly based on morphologic characters that may be prone to convergence. Additional analyses, including denser taxonomic and character sampling is much needed in order to obtain a robust phylogeny that would support a more stable classification and be the backbone for evolutionary and ecology studies.
